We analyze the unconventional top quark decay mode t → H + b at the quantum level within the context of general Two-Higgs-Doublet models by including the full electroweak effects from the Yukawa couplings. The results are presented in the on-shell renormalization scheme with a physically well motivated definition of tan β. While the QCD corrections have been taken into account in the current experimental analyses of that decay, the electroweak effects have always been neglected. However, we find that they can be rather large and could dramatically alter the interpretation of the present data from the Tevatron collider. For instance, in large portions of the parameter space the electroweak effects prevent the Tevatron data from placing any bound at all to the charged Higgs mass for essentially any value of tan β.
After spontaneous symmetry breaking one is left with two CP-even (scalar) Higgs bosons h 0 , H 0 , a CP-odd (pseudoscalar) Higgs boson A 0 and a pair of charged Higgs bosons H ± .
The parameters of these models consist of: i) the masses of the Higgs particles, M h 0 , M H 0 , M A 0 and M H + (with the convention M h 0 < M H 0 ), ii) the ratio of the two vacuum expectation values
and the mixing angle α between the two CP-even states. Two types of such models have been of special interest [3] which avoid potentially dangerous tree-level Flavour Changing
Neutral Currents: In Type I 2HDM only one of the Higgs doublets is coupled to the fermionic sector, whereas in Type II 2HDM each Higgs doubled (H 1 , H 2 ) is coupled to the up-type fermions and down-type fermions respectively, the Yukawa couplings being
Type II models do appear in specific extensions of the SM, such as the Minimal Supersymmetric Standard Model (MSSM) which is currently under intensive study both theoretically and experimentally.
In case that the charged Higgs boson is light enough, the top quark could decay via the non-standard channel t → H + b. Based on this possibility the CDF collaboration at the Tevatron has undertaken an experimental program which at the moment has been used to put limits on the parameter space of Type II models [4] . The bounds are obtained by searching for an excess of the cross-section σ(pp → ttX → τ ν τ X) with respect to σ(pp → ttX → lν l X) (l = e, µ). The absence of such an excess determines an upper bound on Γ(t → H + b → τ + ν τ b) and a corresponding excluded region of the parameter space (tan β, M H + ). However, it has been shown that the one-loop quantum corrections to that decay width can be rather large. This applies not only to the conventional QCD one-loop corrections [5] -the only ones used in Ref. [4] -but also to the QCD and electroweak corrections in the framework of the MSSM [6, 7] . Thus the CDF limits could be substantially modified by radiative corrections [8] and in some cases the bound even disappears.
To our knowledge, and in spite of some existing approximate calculations 1 , a fullyfledged account of the main electroweak corrections to Γ(t → H + b) in the framework of general 2HDM's is lacking in the literature. Thus, in this letter we address the complete computation of the one-loop electroweak contributions (EW) at leading order in both λ t and λ b in generic Type I and Type II 2HDM's and explore their impact on the Tevatron data. Clearly, a detailed treatment of Γ(H + → τ + ν τ ) at the quantum level is also mandatory to perform this analysis in a consistent way.
We remark that although CLEO data on BR(b → sγ) could preclude the existence of a light charged Higgs boson [10] -thus barring the possibility of the top quark decaying into it -this assertion is not completely general and, moreover, needs further experimental confirmation. In fact, there is no direct experiment (at the level of the Tevatron analysis under consideration) supporting the indirect implications on charged higgses from radiative B-meson decays. Originally, the bounds from CLEO data were based on the computation up to leading order (LO) of BR(b → sγ) [11] . However, to this order the theoretical result suffered from very large uncertainties [12] . Recently the next to leading order (NLO) calculation has become available [13, 14] , and the theoretical situation seems to be settling. The NLO calculation shows that Type I charged Higgs bosons masses are not restricted by b → s γ decay data either because of falling inside the experimental band or because of being not reliable. As for Type II charged Higgs bosons, a lower bound of ∼ 255 GeV , with an error of at most several tens of GeV , has been achieved using the which modifies the upper limit above to 4.5 × 10 −4 [15] and, therefore, it weakens the previous bound on the charged Higgs mass. On the other hand the ALEPH result is This study is complementary to the supersymmetric one in Ref. [8] and it should be useful to distinguish the kind of quantum effects expected in general 2HDM's as compared to those foreseen within the context of the MSSM.
The one-loop Feynman diagrams contributing to the decay t → H + b under consideration can be seen in Ref. [7] : Fig. 3 (all diagrams), Fig. 4 (diagrams C b3 , C b4 , C t3 , C t4 ), ing that the calculation of these diagrams in general 2HDM's is different from that in
Ref. [7] , and this is so even for the Type II case since some of the Higgs boson Feynman rules for supersymmetric models [3] cannot be borrowed without a careful adaptation of the couplings 2 . The interaction Lagrangian describing the H t b-vertex in Type-j 2HDM
where we have introduced the parameter a j with a I ≡ − cot β, a II ≡ + tan β. From the interaction Lagrangian (4) it is patent that for Type I models the branching ratios
are relevant only at low tan β, whereas for Type II models the former branching ratio can be important both at low and high tan β and the latter is only significant at high values of tan β.
The renormalization procedure required for the one-loop amplitude closely follows that of Ref. [7] . For Type II models the one-loop counterterm and vertex structures are formally as in Ref. [7] , whereas for Type I there are some differences. Nonetheless the two types of 2HDM's can be treated simultaneously within a unified formalism as follows:
The counterterm Lagrangian δL
Hbt for each 2HDM model j = I, II reads
with
where in the last expression the upper minus sign applies to Type I models and the lower plus sign to Type II -hereafter we will adopt this convention.
The counterterm δ tan β/ tan β is defined in such a way that it absorbs the one-loop contribution to the decay width Γ(
The quantity
contains the (finite) process-dependent part of the counterterm, where F τ comprises the complete set of one-particle-irreducible three-point functions of the charged Higgs decay into τ + ν τ . Other equivalent definitions of this counterterm are possible, but this one, apart from having a clear physical meaning, automatically incorporates the corrections that would arise in Γ(
Substituting (7) into (6) one finally gets for the Type-j model
We immediately see that for Type I models the one-loop correction is free of "universal" contributions as could be expected from our definition of tan β .
The correction to the decay width in each 2HDM can be written in the following way:
where the lowest-order width in the on-shell α-scheme is
The corresponding correction in the G F -scheme is [7] : δ(G F ) = δ − ∆r.
The renormalized one-loop vertices Λ L,R for each type of model are obtained after adding up the counterterms (9) to the one-loop form factors:
We refrain from explicitly quoting the rather lengthy expressions for the unrenormalized vertex functions F L and F R (and F τ ≡ F τ L above) for each 2HDM; the calculation and conventions follow those in Ref. [7] .
In the numerical analysis presented in Figs. 1-4 
and hence it cannot yet be excluded the possibility of a light neutral Higgs scalar, say below 50 GeV , in general 2HDM's. As for tan β we have restricted in principle to the
For Type I models the limits are very weak while for Type II the limit at the low tan β end is obtained from measurements of the process
quarks and b-quark decay channels [18] . We adopt the same low tan β limit for Type I models since in this region the analysis should be similar. For the three Higgs bosons coupling we have imposed that they do not exceed the maximum unitarity level permitted for the SM three Higgs boson coupling, i.e.
This condition restricts both the ranges of masses and of tan β. Moreover, we have imposed that the extra induced contributions to the ρ parameter are bounded by the current experimental limit 4 :
With these restrictions, which are independent and truly effective in our calculation, we limit our numerical analysis within a wide region of parameter space where the correction 3 See Ref. [18] for a review and references therein. 4 Notice that this condition restrains ∆r within the experimental range and a fortiori the corresponding corrections in the G F -scheme. The bulk of the EW effects are contained in the non-universal corrections predicted in the α-scheme.
(10) itself remains perturbative, except in those places where for demonstrational purposes we explicitly exhibit a departure from this requirement.
Before exploring the implications for the Tevatron analyses, we wish to show the great sensitivity (through quantum effects) of the decay t → H + b to the particular structure of the underlying 2HDM. Therefore, in the following we summarize our systematic scanning over the parameter space of 2HDM's; in some cases, just to illustrate maximum effects, we have stretched their ranges to the very limits defined by conditions (14)- (17) . In all cases we present our results in a significant region of the parameter space where the branching ratios BR(t → H + b) and BR(H + → τ + ν τ ) are expected to be sizeable. This entails relatively light charged Higgs bosons (M H + < ∼ 150 GeV ) and a low (high) value of tan β for Type I (II) models.
In Fig. 1 we display the evolution of the correction (10) with tan β for Types I and II 2HDM's and for two sets of inputs A and B for each model. We separately show the (leading) EW contribution, δ EW , and the total correction, δ Total ≡ δ EW + δ QCD , which incorporates the conventional QCD effects [5] . In this figure we have skipped the interval 2 < ∼ tan β < ∼ 10 where the branching ratio of t → H + b is too small to be of phenomenological interest. In the relevant tan β segments, that is below and above the uninteresting one, we find that the pure EW contributions can be rather large, to wit: For Type I models, the positive effects can reach ≃ 30%, while the negative contributions may increase 'arbitrarily' -thus effectively enhancing to a great extent the modest QCD correctionsstill in a region of parameter space respecting the restrictions (14)- (17); For Type II models, instead, the EW effects can be very large, for both signs, in the high tan β regime.
In particular, the huge positive yields could go into a complete "screening" of the QCD corrections.
In Fig. 2 (resp. 3) we present the evolution of the corrections in Type I (resp. II) models as a function of the other parameters, namely the tangent of the CP-even mixing angle (a), the charged Higgs mass (b), the CP-odd scalar mass (c) and the CP-even scalar masses (d). Inputs A and B for each model are as in Fig. 1 whenever they are fixed.
Notice the rapid oscillation, yet qualitatively different for both models, around tan α = 0.
On the other hand, the fast evolution that can be seen as a function of the masses is due to the fact that the Higgs self-couplings in the three-point functions are proportional to the splitting of the Higgs masses. In Fig. 2d (also in Fig. 3d ) the range of the CP-even masses is plotted until the condition M h 0 < M H 0 is exhausted or there is a breakdown of relations (16) and/or (17).
Next we turn to the discussion of the dramatic implications that the EW effects may have for the decay t → H + b at the Tevatron. The original analysis of the data (based on the non-observation of any excess of τ -events) and its interpretation in terms of limits on the 2HDM parameter space was performed in Ref. [4] (for Type II models) without including the EW corrections. In these references an exclusion plot is presented in the (tan β, M H + )-plane after correcting for QCD effects only. To demonstrate the potential impact of the EW loops on these studies we follow the method of Ref. [8] . Although the data used by the Tevatron collaborations is based on inclusive τ -lepton tagging [4] , it will suffice for illustrative purposes to concentrate ourselves on the (τ ,l)-channel [8, 19] .
In this way the comparison of the results for generic Type II 2HDM's and those already available for the specific case of the MSSM Higgs sector [8] will be more transparent. The production cross-section of the top quark in the (τ ,l)-channel can be easily related to the decay rate of t → H + b and the branching ratio of H + → τ + ν τ as follows:
This formula generalizes eq. (7) of Ref. [8] for the case that BR(H → τ ν τ ) is not 100%,
as it indeed happens when we explore the low tan β region. In general we have
where we use the QCD-corrected amplitude for the last term in the denominator [20] .
This branching ratio is about 50% for Type I 2HDM at low tan β, and 100% for Type II at high tan β (the case studied in [8] ). Some discussion may be necessary to compare the present analysis with the supersymmetric one in Refs. [7, 8] . In the MSSM case, the Higgs sector is of Type II. However, due to supersymmetric restrictions in the structure of the Higgs potential, there are large cancellations between the one-particle-irreducible vertex functions, so that the overall contribution from the MSSM Higgs sector to the correction (10) is negligible. In fact, we have checked that when we take the Higgs boson masses as they are correlated by the MSSM we recover the previous result [7] . Still, in the SUSY case there emerges a large effect from the genuine sparticle sector, mainly from the SUSY-QCD contributions to the bottom mass renormalization counterterm [7] , which can be positive or negative because the correction flips sign with the higgsino mixing parameter. In contrast, for general (non-SUSY) Type II models the bulk of the EW correction comes from large unbalanced contributions from the vertex functions, which can also flip sign with tan α (Cf. Fig. 3a) Fig. 4 
